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Abstract
There is little consensus on the kinds and amounts of teacher sup-

port needed to achieve desired student learning outcomes when

mathematics is inserted into science classrooms.When supportedby

educative curriculum materials (ECM) and heavy investment in pro-

fessional development (PD), teachers implementing a unit designed

around mathematical modeling of scientific mechanisms substan-

tially increased students’ ability to make both qualitative and quan-

titative predictions (Schuchardt & Schunn, 2016). Because of con-

cerns about equitable access to support resources, we investigated

whether variations in PD support while retaining ECM could dif-

ferentially affect two student learning outcomes: Quantitative Pre-

dictions and Qualitative Predictions. Two contrasts were performed

examining: (1) the effect of reducing PD and (2) whether eliminat-

ing PD entirely caused further harm to student learning. Reducing

and eliminating PDhad no significant effect on student gains inQual-

itative Predictions, suggesting ECM can be sufficient for teachers

to support student learning of conceptual science content. How-

ever, student gains in Quantitative Predictions decreased signifi-

cantly upon reducing PD; eliminating PD did not cause significant

additional decreases. Combined, these findings suggest that amount

of face-to face PD support necessary to achieve student-learning

gains can vary depending on whether the practice requires applica-

tion of qualitative science content or quantitative reasoning.
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1 INTRODUCTION

The Next Generation Science Standards (NGSS) places a prominent emphasis on mathematics: “Mathematics is a tool

that is key to understanding science” (NGSS Lead States, 2013). Throughout the scientific practices identified in the

NGSS (e.g., designing solutions, making predictions, or developing explanations), there is at least an implicit require-

ment for integratingmathematicswith the science content. Unfortunately, while integratingmathematicswith science

education has been under investigation for the last century (Berlin & Lee, 2005), there is still little consensus onwhat is

meant by integration and the effect of that integration on student learning. Two meta-analyses found a small average

benefit for mathematics and science learning of integrating mathematics and science education (Becker & Park, 2011;

Hurley, 2001). However, individual studies within the meta-analyses showed negative, positive, and neutral effects.

The studies varied on how students were assessed, how mathematics was included in science instruction, and on the

teacher supports provided. Because of the variation in the research literature on integratingmathematics into science

education, there is little consensus onwhat types ofmathematics integration facilitates student learning of science and

the kind and amount of teacher support needed to produce that learning.

Recently, Schuchardt and Schunn (2016) found that, compared to traditional instruction, instruction that inte-

grated mathematics by asking students to construct mathematical models of a biological phenomenon resulted in

gains in students’ conceptual understanding of the phenomenon as well as their ability to make quantitative pre-

dictions related to the phenomenon. That is, there were gains in students’ learning in science tasks requiring math-

ematics as well as science tasks not needing mathematics. Those improvements occurred with teachers who had

educative curriculum materials (Ball & Cohen, 1996) and were supported with a substantial amount of professional

development (PD). In this paper, we investigate whether student benefits from this mathematics modeling approach

still occur when teachers receive the same educative materials but face-to-face PD is reduced to more scalable

levels.

1.1 Insertingmathematics in science instruction

Historically, mathematics has been incorporated into science curriculum in four different ways: as an inscription, as a

tool, as a grounded representation, or as a model (Schuchardt, 2016). Mathematics-as-inscription is often used when

the goal is to convey how the scientific community does science. Instruction in graphingwhere students are lectured on

the elements of a graph and commonly accepted graphing procedures is a prime example of this approach (Roth, Tobin,

& Shaw, 1997). Mathematics-as-tool encompasses procedural approaches to mathematics where the goal of instruc-

tion is to solve an equation to achieve an answer. Students are taught a procedure to follow. Examples of this type of

inclusion of mathematics include the probability rules equations in inheritance (Figure 1B), percent yield calculations

in chemistry, and calculation of displacement given acceleration and initial velocity in physics. The common feature

of mathematics-as-tool and mathematics-as-inscription is that connections to the underlying scientific phenomenon

are masked or ignored. When this happens, student learning often fails to generalize beyond the specific use in initial

instruction and is oftenmisapplied in unfamiliar situations that require slight changes to the procedure (Stewart, 1983;

Taasoobshirazi & Glynn, 2009; Tuminaro & Redish, 2007).

A third approach grounds the mathematical representations to aspects of the phenomenon. When students make

those connections spontaneously (e.g., associate the cancelling out of two negatives in an equation with the experi-

ence of increased pressure with greater depth, or recognize that an equation is not just solving for some variable, but

the amount of heat that water gains from a hot object), they are able to bemore effective and flexible problem solvers

(Bing & Redish, 2008; Gupta & Elby, 2011; Taasoobshirazi & Glynn, 2009; Tang, Tan, & Yeo, 2011). A few curricula in

recent years try to create this grounding by having students construct their own graphical and mathematical repre-

sentations of phenomenon. These curricular efforts are consistent with the most recent policies in science education

that emphasize engaging students in disciplinary practices as they try to make sense of phenomena (Krajcik, Codere,

Dahsah, Bayer, &Mun, 2014; National Research Council, 2012). Across different curricula, students have been shown

to have greater understanding of the mathematical and graphical representations (Lehrer & Schauble, 2004; Roth &
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F IGURE 1 Relationship betweenmathematical expressions and science content in theMCMinheritance unit (A) and
traditional instruction (B). In (A), the solid lines represent connections between entities in the phenomenon and vari-
ables in the mathematical expression, the dotted lines represent connections between the mathematical function of
multiplication and the scientificmechanismof fertilization. In (B), the solid vertical line represents the commonpattern
of teachingmathematical expressions and science content in separate silos

Bowen, 1994; Wu & Krajcik, 2006), greater understanding of the represented scientific concepts (Levy & Wilensky,

2009;Malone, 2008;Wells, Hestenes, & Swackhamer, 1995), and greater flexibility in problem solving (Malone, 2008).

However, mathematical representations that students create or are provided with may not accurately depict the

scientificmechanisms (Bechtel &Abrahamsen, 2005) that connect entities in the phenomenon. Equation development

and use can become simple curve fitting exercises that generate equations convenient for calculation, not the equation

forms that more closely correspond to the underlying scientific mechanisms (Schuchardt, 2016). There has been little
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exploration of the effect on student learning of mathematical representations that more directly include the scientific

mechanism.

In a recent study, Schuchardt and Schunn (2016) investigated a high school biology curriculum unit (which we will

call the Mechanism Connected Mathematics (MCM) unit) in which students construct a mathematical model of the

scientific phenomenon of inheritance to determine the probability of getting a particular offspring when two parents

breed (see Figure 1). Students were specifically asked to represent not just the entities of the phenomenon (sperm and

egg) in their mathematical model, but also the mechanism (fertilization) (Figure 1A). It is this inclusion of the mecha-

nism as well as the entities of the phenomenon that distinguishes a model from a grounded representation. It was the-

orized that by asking students to construct a mechanism-connected mathematical model from data, students would

better understand the connections between their mathematical equation and the underlyingmechanisms and entities

of the biological phenomenon. This improved understanding would allow them to be better able to solve complex and

novel quantitative problems and enhance their ability to apply their qualitative understanding of the biological process

to make qualitative predictions. Schuchardt and Schunn (2016) found that, compared to traditional instruction that

used an algorithmic approach to mathematics (Figure 1B), this type of inclusion of mathematics in science instruction

resulted in a five-fold greater gain in students’ understanding of the mathematically-modeled inheritance processes,

and a four-fold greater gain in students’ ability to solve complex inheritance problems. In other words, students were

better able to make both qualitative predictions (e.g., what types of offspring) and quantitative predictions (e.g., the

probability of each type of offspring) involving inheritance concepts. In this study, we are examining the supports that

are necessary for teachers to successfully engage their students in constructing mechanism connected mathematical

models of the phenomenon of inheritance.

The two scientific practices that improved (applying conceptual understanding of underlying scientific mechanisms

to make predictions and solving quantitative prediction problems) have distinct functions that are fundamental to the

pursuit of science. According to NGSS, “Students can be expected to evaluate and refine models through an itera-

tive cycle of comparing their predictions with the real world and then adjusting them to gain insights into the phe-

nomenon being modeled” (NGSS Lead States, 2013). Solving quantitative problems permits generation of a numeri-

cal prediction against which phenomenological outcomes can be rigorously tested, allowing for evaluation of whether

a significant mismatch exists between the model and the phenomenon. Applying conceptual understanding of scien-

tific mechanisms permits generation of qualitative predictions (what is observed) that can lead to identification of the

nature of the mismatches between the conceptual model and the phenomenon that can lead to a more refined model

of the phenomenon. In other words, the quantitative prediction permits evaluation of the significance of a mismatch

between model and phenomenon, whereas the qualitative prediction permits identification of the nature of the mis-

match. Because both of these practices are fundamental to science, in the current study, we continue to examine stu-

dents’ abilities with both practices.

1.2 Supporting teachers’ learning to includemathematics in science instruction

In early investigations of the MCM inheritance unit, it was found that high school biology teachers were underpre-

pared to instruct students inmathematicalmodeling of the phenomenon (Cox, Reynolds, Schuchardt, & Schunn, 2016).

Two general issues of pedagogical preparation were likely at play. One, as typically found in all areas of reform sci-

ence instruction, teachers need PD to lead lessons that focus on student learning through engagement in the sci-

entific practices (National Research Council, 2015). Two, more specific to this kind of instruction, teachers are often

specifically underprepared to teach mathematics (Furner & Kumar, 2007; Offer & Mireles, 2009; Sorgo, 2010). Many

science teachers have little background in mathematics (National Research Council, 2015) and they have usually

only been exposed to science instruction where mathematics was included as algorithmic procedures to be memo-

rized (Dancy & Henderson, 2010; Watanabe & Huntley, 1998). Therefore, when asked to think about ways to include

mathematics in science instruction, they tend to generate mathematics as inscription or mathematics as tool

approaches (Lee, Chauvot, Vowell, Culpepper, & Plankis, 2013; Offer &Mireles, 2009).
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To address teachers’ concerns by fully preparing them for implementing the MCM inheritance unit, the authors’

initial study (2016) provided teacherswith twenty-three hours of face-to-face PDon curriculum content and pedagog-

ical practices (i.e., approximately five full days). Professional development generally requires an investment of physical,

financial, and human resources in the form of time, money, space, and workshop leaders. Unfortunately, many educa-

tional systems are not equipped to provide large amounts of those resources (Spillane, Gomez, &Mesler, 2009). In our

decades of experiencewith districts around the United States, school districts typically only provide one full day of PD

in a given year to support teachers in a given topic.Most common is no PDat all. Twenty-three hours represent a heavy

investment for even awell-resourced district. Inmoving this kind ofNGSS-aligned curriculum tomultiple contexts, and

thus, providing equitable access, efficient amounts of PDneed to be found that elevate student learningwhileminimiz-

ing the investment of resources by local agencies.

1.3 Professional development with educative curriculummaterials

One approach that has been suggested for taking innovative curricula to scale while minimizing investment of local

resources is to provide educative curriculum materials along with face-to-face PD. Davis and Krajcik (2005) suggest

teacher educative curriculummaterials can help teachers learn content, likely student responses to instructional activ-

ities, the relationships between units, the designers’ rationale behind activities, and understanding of new pedagogies.

Research suggests that teachers who use educative curriculummaterials do show changes in their instruction, includ-

ing using a greater number andmore varied strategies to support learning and changes to teacher Pedagogical Content

Knowledge (PCK; Cervetti, Kulikowich, & Bravo, 2015; Schneider, 2013). Very few studies in science education have

examined the effect on student learning of giving teachers educative curriculummaterials. These few exceptions have

been situated in upper elementary school (grades 3rd through 6th, ages 8 through 11) (Arias, Smith, Davis, Marino, &

Palincsar, 2017; Cervetti et al., 2015; Lin, Lieu, Chen, Huang, & Chang, 2012). Two studies have explored the effect of

the presence or absence of educative curriculummaterials either when all teachers in the study have face-to-face PD

(Arias et al., 2017) or when all teachers are not providedwith face-to-face PD (Cervetti et al., 2015).

Although educative curriculummaterials are likely more effective in conjunction with other forms of support, such

as PD (Cervetti et al., 2015; Davis & Krajcik, 2005), these materials will often be used without this kind of support.

Therefore, in the current study, we look at the effect on the learning of older students when teachers are provided

with different amounts of face-to-face PD, all in the context of educative curriculum materials. Knowing the effect of

variations in teacher supports will help policy makers, curriculum designers, and administrators make decisions about

investments in these additional supports as NGSS curricula moves to scale.

1.4 The importance of investigating the effect of PD variations on student outcomes

This current investigation of the role of amount of teacher support focuses on student learning outcomes rather than

improvements in teaching.Althougheffects on teachingare clearly important andmore commonly investigated in stud-

ies of PD (Dede, Ketelhut, Whitehouse, Breit, & McCloskey, 2009; Doppelt et al., 2009; Luft & Hewson, 2014; Yoon,

Duncan, Lee, Scarloss, & Shapley, 2007), it is not necessarily the case that changes in particular teacher beliefs or prac-

tices necessarily produce improvements in student outcomes (Kleickmann, Trobst, Jonen, Vehmeyer, & Moller, 2016)

and it is therefore useful to examine effects on students. In science, in particular, very few studies on PDhave looked at

student learning gains (Scher &O’Reilly, 2009;Wilson, 2013; Yoon et al., 2007) and some of these studies confound PD

effectswith intervention effects (e.g.,Marek&Methven, 1991; Radford, 1998).Moreover, the effect of varying teacher

support on student outcomes for these two different predictive practices is under-investigated. Often, researchers

measure general science content knowledge (e.g., Diamond,Maerten-Rivera, Rohrer, & Lee, 2014;Doppelt et al., 2009;

Radford, 1998) or overall knowledge about specific units (e.g., Heller, Daehler,Wong, Shinohara, &Miratrix, 2012; Tay-

lor, Roth,Wilson, Stuhlsatz, & Tipton, 2016).

In sum, we take on the under-studied research question of whether variations in face-to-face PD support for teach-

ers implementing a mathematical modeling unit can differentially affect two student learning outcomes associated
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TABLE 1 Comparing Traditional andMCM Instruction

Instructional form

Instructional characteristic Traditional instruction MCM instruction

Mathematical equations Mathematical equations and
procedures provided

Mathematical equations generated by students

Integration of mathematics
and science

Mathematics and science
taught in parallel silos

Mathematics and science processes taught
simultaneously

Expectation of students Students study content
provided by teacher and
textbook

Students develop content understanding
through analyzing data, developing and
refiningmodels, arguing from evidence

with scientific practice: Quantitative Predictions and Qualitative Predictions. More specifically, across three condi-

tions of face-to-face teacher PD in the context of the same instructional materials and the same educative curriculum

materials (i.e., the MCM inheritance unit), what is the effect on student learning outcomes in quantitative predictions

and qualitative predictions? We contrast: (1) the full amount of PD, (2) a greatly reduced amount that district officials

typically assign to address PD needs (i.e., one full day), and 3) the amount of teacher PD that typically happens in the

United States without special allocation of resources (i.e., none).

2 METHODS

The first section of the methods discusses three elements that were the same across all three variations in face-to-

face PD: the MCM inheritance unit (which includes the educative curriculum materials and the student instructional

materials) and the student assessment.

2.1 MCM inheritance unit

The description of the MCM unit contained here focuses on those details that illustrate how the MCM inheritance

unit differed from traditional instruction in inheritance (see Schuchardt & Schunn, 2016 for details). This unit was

designed to incorporate a typeof insertionofmathematics into science that treatedmathematics as amodel. TheMCM

inheritance unit asked students to develop mathematical models (defined as those mathematical representations that

include both the entities of the phenomenon as well as the scientific mechanism that connects the entities) of genetic

processes in an iterative cycle. As written, the MCM inheritance unit contained both differences in practices and dif-

ferences in scientific content compared to how genetics has traditionally been taught (see Table 1).

The science content covered in the unit was also subtly but importantly different from the content contained in

traditional curriculum, given the NGSS-based emphases on greater depth, connections to mathematics, and develop-

ment of content through engagement in scientific practices (Table 1 and Figure 1). First, instead of learning inheri-

tance laws as rote facts, the MCM unit asked students to develop inheritance laws as they make sense of and math-

ematically model data on inheritance outcomes. Second, students were asked to generate mathematical models of

the phenomenon by making explicit connections between their mathematical equations and their understanding of

inheritance entities and processes. Third, the analysis and modeling activities were designed so that students were

asked to develop an understanding of probability in inheritance as the proportion of the total outcome space occupied

by the event space (e.g., howmany of the desired offspring types (event space) as a proportion of all possible offspring

from the givenparents (outcome space)). This contrastedwith the focus in traditional inheritance instructiononmemo-

rizing the laws for combining probabilistic events (e.g., “AND” always impliesmultiply). Theproportional representation

of probability served to explicitly tie the mathematical idea of probability to categories (desired offspring, all possible

offspring) within the phenomenon.
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F IGURE 2 Excerpts from the educative curriculummaterials, illustrating some of the supports provided to teachers
[Color figure can be viewed at wileyonlinelibrary.com]

2.2 Curricularmaterials provided to teachers

All teachers were provided with the same set of student materials (e.g., worksheets and manipulatives). All teachers

also received access to the same set of educative curriculummaterials, designed to provide information about student

ideas and teacher pedagogical practices. (An example of thematerials is shown in Figure 2.) To support this claim about

the educative nature of the materials, a representative set of materials from six of the fourteen tasks (representing a

mixture of conceptual development andmathematical modeling) were analyzed for educative properties using the cri-

teria for educative quality from Beyer, Delgado, Davis, and Krajcik (2009) in their analysis of teacher supports for high

school biology curriculum. First, each task was analyzed holistically to determine which teacher knowledge domain
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and category could be represented (as defined by Beyer et al.; see below for definitions and examples of each). Then

the teacher materials were analyzed for each task to determine if the educative criteria for those knowledge domains

were present (e.g., helping teachers use approaches for collecting and analyzing data, helping teachers use represen-

tations of scientific phenomenonwith students). To increase independence and validity of results, the first author, who

was familiar with the unit, but had not developed the teacher support materials, completed the coding.

The curricular materials addressed all three teacher knowledge domains from the Beyer et al. criteria: PCK for sci-

ence topics, PCK for scientific inquiry, and teacher’s subjectmatter knowledge. Further, they provided support in eight

out of the nine specific categories, including: (a) engaging students with topic-specific scientific phenomena, (b) using

scientific instructional representation, (c) anticipating and dealing with students’ ideas about science, (d) engaging stu-

dents in questions, (e) engaging students with collecting and analyzing data, (f) helping students make explanations

based on evidence, (g) promoting scientific communication, and (h) development of subject matter knowledge (Beyer

et al., 2009). The ninth category, supporting teachers in engaging students in designing science investigations, was not

relevant as students did not design science investigations in this unit; instead they analyzed provided data and engi-

neered solutions.

The educative curriculum materials were in print but also located online to provide a forum where teachers could

ask questions, post student work, and share ideas. Teachers in all conditions were provided with equal time and train-

ing on how to access the online materials. This training was completed after PD on the curriculum was finished and

teachers did not access the online educative curriculummaterials as part of PD.

Our analysis showed that teachers logged in regularly to access the providedmaterials (amean of 38 times, ranging

from16 to 80 times across teachers). Therewas little variation across PD conditions. Teachers in both face-to-face and

online only conditions had access to each other’s comments, questions and uploads. However, our login data collec-

tion did not allow us to determine exactly what teachers were doing when they logged in. Only a few of the teachers

engaged in online discussions or posted revisions and those who did, did so infrequently. Therefore, while teachers in

all conditions had access to this online platform, discussions between teachers formed only a small part of the online

curriculummaterial.

2.3 Student assessment

The focus of this investigation is the effect of different levels of PD on student prediction practices for both: (a) qual-

itative predictions and (b) quantitative predictions. Qualitative prediction questions are those that assess students’

ability tomake qualitative predictions about outcomes (e.g., the types of gene combinations that an offspringwill have,

Figure 3) by applying conceptual understanding of scientific mechanisms (covering the processes involved with trans-

mission of genes between parents and offspring (meiosis and fertilization)). Quantitative prediction questions ask

whether students can determine the probability of a particular outcome in a genetic context (e.g., the numerical prob-

ability that an offspring will contain a specific set of genes; see Figure 3). Schuchardt and Schunn (2016) found that

students showed gains from theMCMunit in making quantitative predictions for questions involving complex genetic

probability (two ormore genes), but not simple genetic probability (one gene). Since the intent herewas to seewhether

these gains are maintained when the amount of teacher support is reduced, only genetic probability questions involv-

ing two ormore genes were included in this analysis.

The assessments were the same as used in Schuchardt and Schunn (2016), for comparability. The posttests had a

meanKR-20 (Kuder andRichardson Formula 20 test, (Kuder&Richardson, 1937)) of 0.72 (mean discrimination=0.46;

mean difficulty = 0.50). (See Schuchardt and Schunn (2016) for additional details regarding test item sources, and on

reliability and validity of the tests.)

Teachers administered the assessments before and after implementation of the MCM inheritance unit following a

matrix sampling protocol to allow for broad coverage of the conceptual content but not consume two full class peri-

ods for testing. In other words, there were multiple pretest versions and multiple posttest versions that teachers dis-

tributed randomly within each of their classes. From this method of testing, analyses focused on composite scores
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F IGURE 3 Question categories on pre and post assessments. The number of questions refers to the number of ques-
tions in the pool

across students for each question rather than individual student scores aggregating across questions. Details of each

specific statistical analysis procedure are presented within each relevant results section.

2.4 Participants

We contrasted the performance of ninth- and tenth-grade teachers from Schuchardt and Schunn (2016) against per-

formance of ninth- and tenth-grade teachers participating in the following year with one of two different levels of

reduced PD. Students in these grades typically range in age from 14 to 16 years. Across the two cohorts, 24 teach-

ers were recruited from primarily urban and suburban school districts surrounding two metropolitan areas located in

midwestern states. All teachers were compensated for their participation in the study. Recruitment was done through

a flyer distributed via regional instructional support organizations soliciting teachers to attend a 2-hour information

session on implementing a unit in biology aligned with NGSS. During the first year of the study, after attending an

information session that provided an overview of the unit, six teachers participated in all 23 hours of face-to-face PD

sessions (henceforth called the 23Hour PD condition). During the following year, the 12 teachers who volunteered to
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TABLE 2 Teacher, professional development content, and student characteristics of each professional development
condition

Characteristic 23Hour PD 8Hour PD No PD

Teachers

Number of teachers 6 8 4

Number of teachers reporting educational information 6 7 4

Number of teachers with undergraduate ormaster’s degree in biology 6 6 3

Number of teachers withmaster’s degree in biology 1 1 0

Number of teachers withmaster’s degree in education 1 4 2

Students

Number of students 265 377 162

Mean percent of students qualifying for free and reduced lunch (SD) 32 (23) 55 (23) 61 (26)

Mean qualitative prediction pretest score (SD) 36 (4) 32 (7) 35 (5)

Mean quantitative prediction pretest score (SD) 38 (11) 32 (9) 29 (7)

Professional development

Mean total number of hours of PD 23 8 0

Mean number of hours of PD on content 13 5 0

Mean number of hours of PD on pedagogy 10 3 0

implement participated in one of two conditions: no face-to-face PD (No PD, four teachers) or 8 hours of face-to-face

PD (8Hour PD, eight teachers).

Although not random assignment to condition, conditions were designed to be balanced after taking into account

district constraints. Three of the teachers in the 8Hour PD condition did not have the option to participate in the No

PD condition because they were participating as part of a continuing education program for their regional educational

organization. The remaining nine teachers were asked which condition they would prefer to be in when they signed

up; next, changes were made in condition assignment (with teacher consent) to ensure a balance among these nine

teachers by student and teacher characteristics across the 8Hour PD andNo PD conditions. In all conditions, teachers

were providedwith the same educative curriculummaterials.

Overall, all three groups were well matched based on teacher experience, teacher education, and school character-

istics. Almost all of the teachers had either a master’s or undergraduate degree in biology (see Table 2), and most had

been teaching for 11 ormore years. The student characteristics in Table 2 illustrate both the diversity of contexts stud-

ied and strongly overlapping distributions across conditions—in the United States, whether students qualify for free

or reduced cost lunch is used as the primary indicator of socioeconomic status. Statistical analyses of the student data

included student and school characteristics as control variables.

2.5 Professional development conditions

In the 23Hour PD condition, all teachers received extended face-to-face PD consisting of a weeklong summer work-

shop and two follow-up sessions during implementation of the unit. In the 8Hour PD, teachers had only eight

face-to-face PD hours across two sessions during the school year. (This analysis of time only included time spent on

PD in the MCM inheritance unit. It did not include time spent on teacher surveys and assessments, administrative

activities, or training in accessing the onlinematerials.)

The face-to-face PD in both years of the study had the critical features of high-quality PD identified in the research

literature: (a) active learning, (b) collective participation, (c) embedded in subject matter, and (d) coherent with current

policy (e.g., NGSS) (Desimone, 2009; Garet, Porter, Desimone, Birman, & Yoon, 2001; Reiser, 2013;Wilson, 2013). The

fifth characteristic, of sufficient duration, is what is being tested between years one and two: what counts as sufficient

duration for which intended student learning outcomes in the context of educative curriculummaterials.
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During both years, teachers in the PDworkshops engaged in theMCM inheritance unit as learners, participating in

both small-group and whole-group discussions to develop their conceptual understanding of the material covered in

the unit. These sessions were conducted in a way that was coherent with NGSS practices (National Research Council,

2012) with the workshop leaders acting as teachers and modeling the pedagogical practices that teachers would be

expected to enact with their students. Two workshop leaders conducted the PD in the second year, and they were

two of the four workshop leaders who conducted the PD in the first year. In both years, leaders had expertise in the

biological sciences and pedagogy, participated in the design of the MCM inheritance unit, and had multiple years of

prior experience leading extended PDworkshops around reform instruction in science.

Based on our records of PD activities, the 23 hours of face-to-face PD during the first year of the study was divided

between 10 hours primarily focused on pedagogy and 13 hours primarily focused on content (see Table 2). Following

best practices in PD, all of the pedagogy-focused PD activities were embedded in the context of the unit. However,

the pedagogy-focused PD activities were separated from the content-focused activities by the learning goals for the

teachers. Pedagogy was defined as any activity where teachers were expected to learn about how to support student

learning in the context of the MCM inheritance unit (i.e., the role of the engineering challenge, the relationship of the

unit to NGSS and state standards, the role of multiple representations) or about teaching practices (i.e., facilitating

student discourse, reflection on teaching, examining aligned and nonaligned enactments of unit instruction).

Teacher content-learning PD activities included 10 hours focused on having teachers learn about the content of the

unit (especially related to both the conceptual explanations of biological inheritance processes and the quantitative

prediction tasks), by experiencing the unit as learners. These content learning activities were approximately evenly

divided between a focus on learning conceptual science content (the genetic processes of meiosis and fertilization)

and quantitative problem solving (solving genetic probability problems). An additional 3 hours was spent on exposing

teachers to commonmistakesmade by students whenmaking quantitative predictions and helping teachers to reason

through the types of conceptual errors that were likely to have caused these mistakes. While teachers were think-

ing about how students conceptualize inheritance in this PD task, they were also engaging heavily in assessment and

reevaluation of their own understanding of content and thus, these 3 hours were grouped into the content learning

activities.

The PD was shortened during the second year of the study by focusing on the most important elements as judged

from teacher struggles and feedback during prior iterations: Developing content knowledgewas reduced from 13 to 5

hours, and pedagogywas reduced from10hours to 3 hours (see Table 2). Both content and pedagogy trainingwere car-

ried out in the sameway as in the prior year of the study. The 3 hours spent on determining the conceptual foundation

of common errors in student quantitative problem solving were eliminated.

3 RESULTS

3.1 Equivalence of pretest scores across professional development conditions

The means and standard deviation of pretest scores by teacher for each student predictive practice (qualitative or

quantitative) are shown in Table 2 and reflect the wide range of student backgrounds. Within each of the predictive

practices, pretest scores were examined for statistically significant differences across the implementing conditions

using a onewaybetween-subjects analysis of covariance (ANCOVA) conducted on the pretest questionmeans for each

teacher’s students, with PD condition as the independent variable and free and reduced lunch (FRL) as the covariate.

All required statistical assumptions weremet (e.g., normality, homogeneity of variance, outliers, and independence).

While amarker of socioeconomic status, percent of FRL students, did not show significantly different means across

conditions, the standard deviations for each condition was quite large. Therefore, to err on the conservative side, FRL

was kept as a covariate on the tests of differences in learning gains across conditions.

For qualitative predictions and quantitative predictions, pretest means adjusted for FRL were not significantly dif-

ferent across PD conditions (F(2,14) = 0.11, p = .90; F(2,14) = .59, p = .57). This analysis shows that students in the

three groups (23Hour PD, 8Hour PD, and No PD) had similar content knowledge in inheritance prior to instruction.
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F IGURE 4 Pre–post gains in qualitative prediction. (A)Meangains (with SEbars) by condition. Statistical significance
and effect size details are presented for each planned contrast. The dotted line shows the mean pre–post change in
each content area for a group of comparison teachers using a traditional curriculum (Schuchardt & Schunn, 2016). (B)
Gains for each individual teacher’s students by condition in open diamonds, andmean gain across teacher by condition
in black squares

As noted earlier, because pre- and posttests involved matrix sampling, the data were analyzed for generalizabil-

ity across questions rather than across students: A mean for each question was calculated for each teacher pre- and

postinstruction. A gain score for each question was calculated by subtracting the preinstruction question mean (aver-

aged across the students from each teacher) from the postinstruction question mean (averaged across the students

fromeach teacher). Thesequestion gain scoreswere thenaggregatedwithin eachpredictive practice toprovide amean

category gain score for each teacher. To remove the nuisance variance associated with initial differences in pretest

scores across teachers, statistical analyses were conducted on thesemean category gain scores.1

To examine consistency of gain scores across teacherswithin eachPDcondition, one-waybetween-subjectsANCO-

VAs (with FRL as covariate) were conducted on the teacher gain scores for each learning outcome. All assumptions

were met (e.g., normality, homogeneity of variance, outliers, and independence). Two planned contrasts were per-

formed for each learning outcome: (a) 8Hour PD against 23Hour PD to determine whether reducing the number of

face-to-face PD hours for teachers affected student learning and (b) 8Hour PD against No PD to determine whether

educative curriculummaterials alonewere sufficient to achieve student learning gains. In Figures 4Aand5A, the brack-

ets indicate the contrasts that were performed. Statistical test results and effect sizes (Cohen’s d) are presented above

and below the brackets in the relevant figures.

3.2 Effect of reducing face-to-face PD on qualitative predictions

Comparison of student learning gains on qualitative predictions in the 8Hour face-to-face PD condition to the 23Hour

PD conditions revealed a small effect size that was not statistically significant (F(1,14) = 0.07, p = .8, 95% CI [–21, 16],

Figure 4A, first bracket). Because students were able to achieve the same learning gains on qualitative predictions,

this result suggests that students and teachers in the 8Hour face-to-face PD condition have the same capacity for

learning gains as students and teachers in the23HourPDcondition. In bothPDconditions, student-learning gainswere

significant (mean gains of 19–22) and greater than the nonexistent gains that were achieved in the previous studywith

traditional curriculum (Schuchardt & Schunn, 2016). Thus, this result is useful for supporting the claims of equivalence

of students and teachers across these two conditions.

To determine whether having any face-to-face PD support for teachers was necessary for student learning gains

to occur in the MCM unit, student performance in the 8Hour PD group was compared to that in the No PD group

(Figure 4A, second bracket). Decreasing face-to-face PD from 8 hours to 0 hours had a moderate effect on the mean
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F IGURE 5 Pre–post gains in quantitative prediction. (A) Mean gains (with SE bars) by condition. Statistical signifi-
cance and effect size details are presented for each planned contrast. The dotted line shows themean pre–post change
in each content area for a groupof comparison teachers using a traditional curriculum (Schuchardt&Schunn, 2016). (B)
Gains for each individual teacher’s students by condition in open diamonds, andmean gain across teacher by condition
in black squares

performance of the No PD group, but the mean was not significantly different from the 8Hour PD group (F(1,14) =
0.6, p = .4, 95% CI [–26, 11], Figure 4A) and the mean gain of 15 for the No PD group was still meaningful. Teacher

means of student responses were evenly distributed around the condition mean in all three conditions (Figure 4B).

Moreover, Schuchardt and Schunn (2016) had shown that students who received traditional instruction had shown

no learning gains on thismeasure (dotted line in Figure 4A). Combined, these results suggest that educative curriculum

materials alonewere sufficient to producemost of the student learning gains fromusing anNGSS-aligned curriculum in

qualitative predictions, but does not entirely rule out small additional beneficial effects of having some face-to-facePD.

3.3 Effect of reducing face-to-face PD on quantitative predictions

In contrast to the lack of a significant effect on qualitative predictions of reducing PD from 23 hours to 8 hours, this

reduction in PD support had a large effect on pre–post gains on quantitative predictions, resulting in a significant

decrease in teacher means of student gains (F(1,14) = 6.5, p = .02, 95% CI [2, 23], Figure 5A, first bracket). For the

23Hour PD condition, student showed a nontrivial mean learning gain of 22, which had been shown in the prior study

to be significantly greater that that achieved by traditional instruction. (For the sake of comparison, the mean gain for

students who received traditional instruction is shown by the dotted line in Figure 5A; Schuchardt & Schunn, 2016).

Teacher means of student responses in the 23Hour and 8Hour PD conditions were evenly distributed around the con-

ditionmean (Figure 5B), suggesting that the deleterious effect of reducing PD is not simply due to the effect of outliers.

Comparison of the 8Hour PD groupwith theNo PD group showed that removing all face-to-face instructional support

had only a small effect and did not result in a significant further drop on learning of this predictive practice (F(1,14) =
0.4, p = .5, 95% CI [–14, 8], Figure 5A, second bracket). Again, teacher means of student responses were evenly dis-

tributed around the conditionmean in both conditions (Figure 5B). These results suggest that in contrast to qualitative

predictions, quantitative predictions by students are less robust to reductions in face-to-face PD.

4 DISCUSSION

The results presented here suggest that when teachers are provided with educative curriculum materials to facili-

tate implementation of a unit that incorporates mathematical modeling, the amount of face-to-face PD necessary to
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support student-learning gains depends on the intended learning outcomes. For making qualitative predictions by

applying core conceptual science content (i.e., the content most familiar to teachers), statistically equivalent student-

learning gains can be achieved even in the absence of face-to-face PD (i.e., just with educative curriculum materials),

although some face-to-face PD appears to be helpful. By contrast, for making quantitative predictions, which involves

mathematical application in a science context and thus is more novel to teachers, student-learning gains are greatly

reduced when face-to-face PD is reduced to 8 hours. The findings of this study, therefore, suggest that in the context

of educative curriculum materials, when teachers have a lot of experience with the content (i.e., the biological mech-

anisms), then teachers need little if any face-to-face PD support. However, when teachers have less experience with

the content (i.e., mathematical modeling), teachers need more face-to-face PD support, even in the context of educa-

tive curriculummaterials. These results therefore have implications for implementation of NGSS with its emphasis on

scientific practices, the design of teacher PD, and the importance of educative curriculummaterials.

NGSSexpress thevalueof having students learn andengage in scientific practices aswell as scientific content (NGSS

Lead States, 2013). The current results suggest that students may achieve different levels of success with a single sci-

entific practice learning outcome (making predictions) depending on the nature of the task (i.e., the ability to make

quantitative as opposed to qualitative predictions). Furthermore, our results suggest that success with the two differ-

ent contexts (quantitative vs. qualitative) of the samepractice (making predictions) can be differentially affected by the

amount of support provided to their teachers. Qualitative predictions that draw on knowledge about biological mech-

anisms are more robust to reductions in face-to-face PD than quantitative predictions that draw on an understanding

of mathematical representations of biological mechanisms. Different student learning outcomes may require differ-

ent amounts of support for teachers because teacher content knowledge is notmonolithic (National ResearchCouncil,

2015). For example, in the context of thisMCM inheritance unit, biology teachers arewell-prepared to teach about the

biological mechanisms of inheritance (Lyons, 2013). The unit requires no new understanding of this biology content,

but rather involves a differentway of helping their students learn this content. On the other hand, biology teachers are

generally not as well versed in mathematics (Sorgo, 2010). Understanding and calculating probability in a new way in

this science contextwould therefore likely requiremore support, and sowould drawing connections between the func-

tions of amathematical representation and the biological mechanism. The different student learning outcomes effects

observed here provide a different lens on the effect of teacher supports on student learning of scientific practices, each

of which is discussed below.

As the implementation of a curriculum that incorporates NGSS practices such as mathematical modeling moves

beyond field trials of curriculum materials to implementation at scale, it is encouraging that significant student learn-

ing gains were observed in the area of applying core science content (e.g., scientific mechanisms) to make qualitative

predictionswhen teacherswere supported by educative curriculummaterials alone. These gainswithminimal support

are particularly impressive considering students in traditional instruction had previously shown no significant gains in

their ability to make qualitative predictions based on these core scientific mechanisms that are at the heart of inher-

itance (i.e., this content is quite difficult for students; Schuchardt & Schunn, 2016). Note that the students in the no

PD group were not specially prepared to master this material: (1) Their pretest scores were not significantly different

than the other groups; (2) Their socioeconomic context as indicated by the percent of students that qualify for FRLwas

approximately equal, if not slightly at the lower range, of the other implementing groups; and (3) The teachers for this

groupwere also not better prepared (i.e., similar rates of master’s or undergraduates degrees in biology).

It is important to emphasize that similar gains without PD would be unlikely if the curriculum materials were not

educative, basedonprior researchfindings (Cervetti et al., 2015;Davis et al., 2014; Stein&Kaufman, 2010). The educa-

tive curriculummaterials provided to implementing teachersherewereofhighquality,meeting almost all of the criteria

put forthbyBeyer et al. (2009). This demonstrationof student gains inqualitativepredictions acrossPDconditions sug-

gests that, at least in some situations, high-quality educative curriculum materials may be sufficient to permit certain

student learning gains with novel learning approaches. This finding counters the hypothesis that educative curriculum

materials may not be sufficient to promote student learning gains (Davis & Krajcik, 2005; Schneider & Krajcik, 2002).

Of course, it remains an open question whether there were also other critical features within this particular unit that

led to robust student gains. For example, the unit was designed so that teachers and students were asked to revisit
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specific core ideas in biology during the course of the unit (the scientific mechanisms of meiosis and fertilization) in

multiple contexts (Schuchardt & Schunn, 2016). Therefore, learningmay bemore robust to variations in PD, because it

did not critically depend on successful teacher implementation for any single activity.

All implementing conditions showed some student learning gains in quantitative predictions. However, when time

spent on this predictive practice in face-to-face PD was decreased from 23 to 8 hours, student learning gains were

significantly lower, but still comparable to learning gains of students in classrooms in which traditional instruction in

inheritance occurred (reported in Schuchardt & Schunn, 2016). This result contrasted with that obtained for quali-

tative predictions that showed essentially no change when face-to-face PD was decreased from 23 to 8 hours. The

difference in the effect of decreasing face-to-face PD on the two predictive practices points to the importance of con-

sidering intended student learning outcomeswhenmaking decisions about investments in PD. Evenwhen the practice

(making predictions) is apparently the same, because qualitative and quantitative predictions require students to draw

on different resources, student learning outcomesmay be affected differently by changing the amount of support that

teachers receive.

When PD was dropped from 8 to 0 hours, no significant further reduction was observed in students’ ability to

make quantitative predictions. Consideration of threshold effects is important in optimally deploying school district

resources (Archibald, Coggshall, Croft, &Goe, 2011); although it may be counterintuitive to some administrators, here

we have an example in which providing a small amount of PD to teachers in this difficult content area had no benefit

over providing only access to educative materials. This result combined with that on qualitative predictions suggests

that in terms of scalability, once the decision has beenmade to reduce PD, eliminating PD if teachers are providedwith

educative curriculummaterials may do little additional harm.

At a minimum, these results provide support for the idea that when designing and assessing PD, there is a need

to move beyond (1) general questions such as whether the presence of PD has an effect or (2) specifying fixed gen-

eral guidelines regarding the amount of PD. Instead, we need to ask more subtle questions that explore what kind

of student learning outcomes requires what kinds and amounts of teacher support (Borko, 2004; Dede et al., 2009).

We would argue that considering how much PD to offer is a multifaceted problem that involves (1) Intended student

learning outcomes, (2) prior teacher preparation, (3) topics covered in PD and educative curriculummaterials, and (4)

consideration of threshold effects. The intended student learning outcomes in this study (quantitative predictions and

qualitative predictions) are areas in which students receiving traditional instruction in inheritance have been shown

to struggle (Schuchardt & Schunn, 2016; Stewart, 1983). However, teachers are much more comfortable with and

have receivedmore extensive training in the conceptual underpinnings of inheritance (the biological mechanisms) that

underlay both types of predictions, and are less comfortable with and have received less training in the mathematical

concepts associated with the quantitative predictions (Cox et al., 2016; Furner & Kumar, 2007; Offer &Mireles, 2009;

Sorgo, 2010). Thus, it is reasonable to suppose that to achieve the same effect of PD on student learning in qualitative

and quantitative predictions, teachersmay needmore time spent on the quantitative underpinnings. In the 23Hour PD

condition, content-focused instruction occurred with teachers working through the unit as students with one excep-

tion: Three hours spent on having teachers decipher and address common student errors in making quantitative pre-

dictions. This and an additional 5 hours of content-focused PDwere eliminatedwhen PDwas reduced to 8 hours. All of

the content-focused PD (including addressing student errors in making quantitative predictions) involved intertwined

discussions of biological and quantitative conceptual understandings. Therefore, we could not determinewhich aspect

of the content focused PD thatwas removed from the 23Hour PD conditionwas responsible for the result that quanti-

tative prediction gains decreased while qualitative prediction gains remained the same. In other words, we are unable

to determinewhether the observed student learning declines in quantitative predictions were caused by the decrease

in time teachers spent grapplingwith the unit as students, or the elimination of the PD task of deciphering and address-

ing student errors inmaking quantitative predictions. Given the experimental design, we are also unable to address the

specific effects of removing a comparable amount of pedagogically focused PD and whether that was responsible for

the differential effects on student learning outcomes. It seems the question for future research becomes: When con-

sidering both intended student learning outcomes and prior teacher preparation, what experiences in face-to-face PD

coverage in the context of educative curriculummaterials will provide themaximal benefit in the least amount of time.
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4.1 Limitations and future directions

This is a quasi-experimental study conducted in a real-world context. As such, it has the benefit of real-world applica-

bility, but trade-offs needed to be made when assigning teachers to conditions to balance administrative demands,

participating teacher investment and needs, and experimental considerations. For example, the conditions had dif-

ferent numbers of participating teachers because of the need to balance administrative demands and participating

teacher investment and needs. However, every effort was made to balance conditions on dimensions known to con-

tribute to learning such as teacher education and experience and percent of students qualifying for FRL. Statistical

analyses revealed no significant differences across conditions on these variables or on students’ pretest performance

on the learning outcomes.

While this study included at least 160 studentswithin each condition, the number of teacherswithin each condition

ranged from four to eight. The small numbers of teachers within each condition leaves the study open to questions

about generalizability. Mitigating against this objection are a few factors. First, preexisting differences that are often

associated with student learning outcomes (preexisting scores and economic circumstances) were accounted for in

the statistical analyses. Second, including as a covariate ameasure of student/teacher learning known to be unaffected

by the intervention (as an indicator of generalized learning) had no effect on the findings reported here. Third, when

a measure often associated with improved student performance in science, teacher science education level (Monk,

1991), was assessed as the independent variable instead of PD time, no significant differences were found associated

with teacher science education level. Fourth, differences in condition means did not appear to be caused by outliers in

teacher means.

In this study, which arose out of a larger study on learning gains in science from a curriculum centered on mathe-

matical modeling and aligned with NGSS, we separate out the effects of PD on two different aspects of the scientific

practice of making predictions. The chain of causality from teacher PD to student learning outcomes is complex, likely

including various changes in teacher content knowledge and instructional practices during unit enactment, and then

changes in student enactment of activities (Desimone, 2009; Kleickmann et al., 2016; Stein, Grover, & Henningsen,

1996). These are not addressed in this study. However, research that only studies these intervening steps and never

considers student learning is incomplete, and a research effort that studies how PD changes teachers, documents the

changes in teaching, and examines the effects on students would necessitate a very large investment of resources

(Luft & Hewson, 2014). Before such large-scale studies are conducted, it has been recommended that initial studies

are needed to understand how variations in PD affect different aspects of student learning (Luft & Hewson, 2014).

We show here that it is possible in the context of educative curriculum materials to see differential effects of time

invested in PD on an assessment where the practice (making predictions) is the same, but the resources students draw

on (applying conceptual understanding of the mechanism, vs. solving a quantitative problem to produce a numerical

answer) are different. Thus, we address an oft-cited but inadequately supported claim that teacherswill need differen-

tial support for implementing different aspects of NGSS-aligned curricula (National Research Council, 2015; Wilson,

2013).

In general, the exact reasons for these science practice specific effects of face-to-face PD support in the context of

implementation of an NGSS-aligned unit when teachers are provided with educative curriculum materials is unclear

based on this study. However, the results of this study suggest that when making decisions about scalability of NGSS

and investment of resources into PD, it is necessary to consider the desired specific student learning outcomes within

a unit. Such considerations allow for efficient deployment of PD resources, which is critical in scaling units to all the

contexts in need of new rigorous science curriculummaterials (Archibald et al., 2011; Bybee, 2014; Reiser, 2013). Fur-

thermore, in terms of research, the results presented here suggest productive avenues concerning the interaction of

teacher support requirements for learning outcomes, and how they can bemet. As such, it seemsnecessary to reiterate

the call for more small-scale studies on PD that include research on student learning outcomes (Luft & Hewson, 2014)

to guide investment on the necessary and larger-scale studies that focus on connections between student outcomes

and teachers’ instructional practices, cognitions, and beliefs (Desimone, 2009; Luft &Hewson, 2014; vanDriel,Merink,

van Veen, & Zwart, 2012; Yoon et al., 2007).
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ENDNOTE
1 A similar pattern is found if the analysis is conducted on the difference of mean posttest and pretest scores by predictive

practice for each teacher.
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